Signal transducer and activator of transcription 3 (STAT3) is a central regulator of immune homeostasis. STAT3 levels are strictly controlled, and STAT3 impairment contributes to several diseases including the monogenic autosomaldominant hyper-immunoglobulin E (IgE) syndrome (AD-HIES). We investigated patients of four consanguineous families with an autosomal-recessive disorder resembling the phenotype of AD-HIES, with symptoms of immunodeficiency, recurrent infections, skeletal abnormalities, and elevated IgE. Patients presented with reduced STAT3 expression and diminished T helper 17 cell numbers, in absence of STAT3 mutations. We identified two distinct homozygous nonsense mutations in ZNF341, which encodes a zinc finger transcription factor. Wild-type ZNF341 bound to and activated the STAT3 promoter, whereas the mutant variants showed impaired transcriptional activation, partly due to nuclear translocation failure. In summary, nonsense mutations in ZNF341 account for the STAT3-like phenotype in four autosomal-recessive kindreds. Thus, ZNF341 is a previously unrecognized regulator of immune homeostasis.
INTRODUCTION
Immune homeostasis in humans is important to avoid the two extremes of immunodeficiency and autoimmunity/autoinflammation. Signal transducer and activator of transcription 3 (STAT3) is an immune rheostat that prevents such diseases by regulating the innate and adaptive immune system (1) . T helper 17 (T H 17) CD4 + T cell differentiation and interleukin (IL)-17 production are dependent on precisely balanced STAT3 activity (2) (3) (4) (5) (6) , and germline and somatic mutations in STAT3 have been associated with multiple immune disorders and cancer, respectively (7) . For instance, heterozygous germline gain-of-function (GOF) mutations lead to lymphoproliferation and juvenile-onset autoimmunity (8, 9) , whereas heterozygous loss-of-function (LOF) mutations in STAT3 cause an autosomaldominant (AD) immunodeficiency known as hyper-immunoglobulin E (IgE) syndrome [HIES; Online Mendelian Inheritance in Man (OMIM) #147060 and #243700] (10). STAT3-LOF mutations have been shown to exert a dominant-negative effect impairing antibacterial and antifungal host defense and resulting in a multisystem disorder also affecting the skeleton, dentition, and connective tissue (11, 12) . Patients present with the clinical triad of recurrent pneumonia, eczema with cold staphylococcal skin abscesses, and elevated serum IgE levels (11) . STAT3-LOF mutations represent the underlying genetic defect in ~75% of sporadic and AD-HIES patients (OMIM: *102582), whereas biallelic DOCK8 mutations account for disease in ~80% of patients with the autosomal-recessive (AR) form of HIES (OMIM: *611432) (13, 14) . In addition, mutations in PGM3 (OMIM: *172100) (15, 16) have been described in AR-HIES. At least one of these AR immunodeficiency syndromes also involves dysregulated STAT3 function because the lack of DOCK8 results in reduced STAT3 activation (17, 18) . However, regulatory mechanisms of the STAT3 equilibrium are complex and not fully understood. Regulation at the protein level includes phosphorylations and interactions with other STAT family members (19) . In addition, epigenetic regulation by HMGB1 (20) or ZNF382 (21) and transcriptional regulation of STAT3 through STAT3 itself and other transcription factors have been proposed (22) .
Here, we report that ZNF341, a previously uncharacterized C2H2 zinc finger transcription factor, is mutated in families with recurrent bacterial and fungal infections. Two distinct homozygous nonsense mutations in exons 6 and 8 of ZNF341 segregate with a phenotype resembling HIES in four consanguineous families with AR inheritance. We describe ZNF341 as a positive regulator of STAT3 expression and report the clinical and laboratory phenotype of individuals lacking ZNF341.
RESULTS

STAT3-HIES-like phenotype with AR inheritance identified in four consanguineous families
We performed mutational analyses to identify the genetic defects in four consanguineous HIES families with AR inheritance in which mutations in known HIES genes had previously been excluded. The clinical triad of HIES consisting of recurrent pneumonias, eczema with cold skin abscesses, and elevated serum IgE levels was present in all three affected individuals (A.II.1, A.II.2, and A.II.3) of the consanguineous family A (for representative pictures of clinical findings, see Fig. 1 ; pedigree of family A in Fig. 2A ). In addition, they showed skeletal/connective tissue abnormalities and formation of bronchiectasis and pneumatoceles (Fig. 1D ) characteristic for STAT3-HIES and also suffered from recurrent candidiasis. Affected members of families B, C, and D (Fig. 2 (sections S1 and S2, table S1 , and fig. S1 ). Together, these findings support the hypothesis that patients with ZNF341 mutations have a previously unrecognized AR immunodeficiency that clinically resembles AD-HIES due to mutations in STAT3.
Homozygous nonsense mutations in ZNF341 causing the disease phenotype in four HIES families Genetic defects in STAT3 itself were excluded by sequencing of the exons, complementary DNA (cDNA), and the genomic promoter region (section S3). We therefore performed genetic linkage analysis of family A and subsequent whole-exome sequencing (WES) on two patients and one healthy sibling of family A (section S4). We identified a homozygous nonsense mutation in exon 6 of ZNF341 (Chr20: 32345116C>T; GRCh37; c.904C>T; p.Arg302*, R302* for isoform1; RefSeq NM_001282933.1), which was also present in all patients from families B and C (Fig. 2 , A to C and E). At that time, the mutation was absent from the Single Nucleotide Polymorphism database, but it was later listed as rs746141726 with an allele frequency of 0.0017% and observed only in the heterozygous state. By targeted next-generation sequencing (NGS), we identified a second homozygous ZNF341 nonsense mutation in exon 8 (Chr20: 32349795C>T; GRCh37; c.1156C>T; p.Arg386*, R386* for isoform1) in family D, which segregated with the disease status (Fig. 2, D 
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These findings suggest that the STAT3-like HIES phenotype caused by ZNF341 mutations could be associated with insufficient STAT3 expression, presenting a previously unrecognized pathogenesis in addition to the well-described dominant-negative effect usually associated with STAT3 mutations. Reduced STAT3 mRNA expression was also observed in an EBV-transformed B cell line of patient A.II.1, in a Herpesvirus saimiri (HVS)-transformed T cell line of patient A.II.3, and in primary skin fibroblasts (PSFs) of patient A.II.3 ( Fig. 3B) . Moreover, STAT3 protein expression was reduced in ZNF341-mutant cells (patients' PBMCs, EBV-transformed B cells, and PSFs), down to 15.5 to 27% of wild-type (wt) levels (Fig. 3C ). Along the same lines, knockout of ZNF341 in Ramos B cells by clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 technology showed reduced STAT3 protein expression (Fig. 3D) . Furthermore, STAT3 Y705 phosphorylation was markedly impaired in PBMCs from patients with R302* and R386* mutations, respectively, after stimulation with IL-6 ( Fig. 4A ) or with interferon- (IFN-) in EBV cells from patient A.II.1 (Fig. 4B, left) . Impaired STAT3 Y705 phosphorylation upon stimulation was even more obvious in EBV cell lines from two patients (B.II.1 and B.II.4) (Fig. 4B , right), indicating that reduced total STAT3 levels consequently lead to overall reduced phospho-STAT3 levels. Given we had excluded genetic defects in STAT3 itself, we conclude that the mutations in ZNF341 account for the HIES-phenotype because of the incapability of mutant cells to increase STAT3 protein expression and STAT3 phosphorylation above basal levels, leading to an imbalanced STAT3/phospho-STAT3 ratio in affected individuals.
Binding of ZNF341 to the STAT3 promoter and subsequent activation of transcription
We next confirmed the transcriptional activation of the endogenous STAT3 promoter upon transient overexpression of green fluorescent protein (GFP)-fused ZNF341 in human embryonic kidney (HEK) 293T cells ( fig. S4 ). In contrast to the R302* mutant, wt ZNF341 caused a twofold increase of STAT3 mRNA expression ( fig. S4A ). Using fluorescence-based reporter assays with synthetic promoters, composed of a genomic STAT3 fragment (−535/−33 relative to the transcription start) fused to the cytomegalovirus (CMV) minimal promoter, we observed an average 2.9-fold increase of reporter expression over basal activity upon cotransfection with wt ZNF341, whereas only marginal activation (average 1.4-fold) was observed with the R302* mutant ZNF341 after 48 hours (Fig. 5, A and B) . Increased reporter activity (average 2.6-fold) was also observed with the overexpressed ZNF341 variant R386* [which yielded much higher expression levels than the wt protein ( fig. S4C) ], suggesting that residual transcription factor activity is retained (Fig. 5, A To determine whether ZNF341 directly regulates STAT3 by binding to its promoter, we searched for ZNF341 binding sites by chromatin immunoprecipitation sequencing (ChIP-seq). ChIP-seq data, obtained with two different antibodies recognizing ZNF341, were highly correlated ( fig. S6A ). We identified 1658 high-confidence ZNF341 binding sites genome-wide, with a high proportion being located at promoters or within short distance to promoters (<1 kb) (Fig. 5C ). The STAT3 promoter displayed high ZNF341 occupancy (Fig. 5D) , which was confirmed by ChIP ( fig. S6B ). This was not observed in patient-derived cells, highlighting the specificity of the antibody as well ( fig. S6C ). Thirty-six binding sites, termed super-binding sites, were characterized by high level of ZNF341 occupancy (Fig. 5E) and accounted for about half of ZNF341 occupancy (as determined by normalized tag count) (Fig. 5F) . Expression of the genes associated with the top two binding sites (STAT3 and KAT6A) was decreased in patient-derived PBMCs compared with a healthy control, further supporting the role of ZNF341 as a transcriptional activator (table  S3) . To identify the sequence recognized by ZNF341, we performed de novo motif analysis. A 10-nucleotide (nt) motif was highly enriched at ZNF341 binding sites, as well as a separate 10-nt G-rich motif (Fig. 5G) . When searching for longer motifs, we identified a 30-nt sequence, which contained both 10-nt motifs (Fig. 5H, top) , located at position −217/−187 in the STAT3 promoter region (relative to the transcription start). This motif could be further refined in the super-binding sites (Fig. 5H, bottom) , suggesting that ZNF341 uses several zinc fingers for DNA binding, whereas the remaining zinc fingers may contribute to preferential binding. This might explain why half of ZNF341 occupancy occurs at only 36 preferential binding sites. Thus, ZNF341 has the potential to recognize a highly specific sequence and therefore to regulate a limited number of genes, including STAT3.
Aberrant cytoplasmic localization of nuclear ZNF341 caused by the R302* mutation We further characterized the molecular defects of the ZNF341 nonsense mutations by transient overexpression in HEK293T cells (fig.  S4 ). The wt ZNF341 achieved moderate protein levels [regardless of whether it is fused to enhanced GFP (EGFP)], whereas both truncated proteins (R302* and R386*) were expressed at higher levels ( fig. S4 , B and C; for expression levels, see also figs. S5B and S7, C and D). Confocal microscopy (Fig. 5I ) of EGFP-fused constructs showed that the wt ZNF341 localized to the nucleus, as predicted by the protein atlas. In contrast, truncated EGFP-ZNF341-R302* remained in the cytoplasm, indicating that the nuclear localization sequence (NLS) was deleted. Thus, the inability of the R302* mutant to contribute to transcriptional activation is most likely due to the failure of nuclear translocation, and, accordingly, we did not detect any binding of ZNF341 variant R302* to chromatin (figs. S6C and S7, A and B). Unexpectedly, the truncated mutant EGFP-ZNF341-R386* retained its ability to localize to the nucleus (Fig. 5I) . Thus, a potential NLS, which is predicted to reside between K299 and Y326 (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_ form.cgi), is sufficient for nuclear translocation of ZNF341-R386*. Nevertheless, the ZNF341-R386* variant showed reduced binding to chromatin in an overexpression system ( fig. S7, A and B) . Because ZNF341-R386* lacks 9 of the 12 zinc finger domains, residual transcription factor activity may occur only upon massive overexpression in vitro. However, the clinical phenotype suggests that the three remaining zinc fingers are insufficient for ZNF341-R386* binding to and activation of target promoters at physiological levels.
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DISCUSSION
Janus kinase (JAK)-STAT signaling pathways have emerged as critical rheostats for the maintenance of cellular homeostasis, relevant to many human diseases (27) (28) (29) . Impaired JAK-STAT signaling causes either immunodeficiency if decreased (30-32) or lymphoproliferative disorders if increased (8, 9, 33) . Hence, the regulation of the amount of STAT (and JAK) signaling molecules and their phosphorylation status seem to determine the outcome of cellular signaling events. For example, LOF mutations in STAT1 lead to susceptibility to viral and mycobacterial infections (34, 35) , whereas GOF mutations in the very same gene lead to a polarization of T lymphocytes away from the T H 17 CD4 + T cell lineage toward the T H 1 lineage, leading to an increased susceptibility to recurrent fungal infections (36) (37) (38) .
Furthermore, decreased STAT3 signaling due to dominantnegative mutations (10, 12) leads to immunodeficiency characterized by the loss of T H 17 CD4 + T cells (3) (4) (5) . In contrast, somatic GOF mutations in STAT3 lead to large granular lymphocytosis (39) , and germline GOF mutations in STAT3 lead to a complex immunedysregulation syndrome (8, 9) . Therefore, the mechanisms controlling these cellular regulators (i.e., the transcription factors of the JAK and STAT molecules) become of central importance in human disease. JAK and STAT inhibitors have already been used to treat lymphoma/ cancer, autoimmune diseases such as rheumatoid arthritis (40) , and impaired infection control (41, 42) .
Here, we describe a transcription factor, ZNF341, regulating transcription of STAT3. As in HIES patients with STAT3-LOF mutations, the impairment of ZNF341 signaling also led to defective differentiation of naïve T cells into T H 17 cells (and hence IL-17 production), a process critically dependent on STAT3. Thus, we found that ZNF341 transcriptionally regulates STAT3 expression, at least its increase above a certain basal level of transcription, but other aspects of the underlying mechanism of impaired JAK-STAT signaling due to homozygous nonsense mutations in ZNF341 still need to be elucidated. Although reduction of ZNF341 reduces expression of STAT3, there may be more complex regulatory mechanisms involved, which await further elucidation. Likewise, whether the phenotype results mainly/exclusively from disrupted STAT3 levels or also from the dysregulation of other genes by mutant ZNF341 remains unclear. Although the mutated proteins can be expressed in an overexpression system, in patient cells mutated proteins escaped our detection by the available antibodies. However, with the development of more specific N-terminal antibodies, the question of retained translation of a mutated shortened ZNF341 in patients will be solved. This will be important to clarify whether the R386* mutation disturbs transcriptional activity of ZNF341 by inexpressibility or nonsense-mediated decay of the truncated protein or by other mechanisms affecting nuclear transcription. Moreover, homodimerization or heterodimerization of ZNF341 was not investigated.
Although our patients presented with high IgE levels, to date, ZNF341 has not been associated with atopy-related traits such as asthma, rhinitis, atopic dermatitis, and allergic sensitization (24) (25) (26) . Because ZNF341 comprises 12 zinc fingers, and because one zinc finger shows preference to a specific nucleotide triplet (43) , ZNF341 has the potential to recognize a very specific sequence and regulate a limited number of genes, which is supported by the super-binding sites and motif analysis. In this regard, KAT6A, the gene whose promoter has the second top binding site by ChIP, was down-regulated in the transcriptome analysis (table S3) . Mutations in KAT6A were recently identified in patients presenting with neurodevelopmental disorders (44) . Lower KAT6A expression may contribute to the intellectual disabilities observed in our patients. Our data show that ZNF341 acts as a transcriptional activator for cytokine-mediated STAT3 expression. Zinc finger transcription factors lacking other functional domains have been described to recruit either transcriptional activators or repressors or both (45) . Overexpressed ZNF341 has been described to bind to PAF1, which plays a role in transcriptional elongation (45) , supporting a role for ZNF341 as a transcriptional activator.
In summary, the transcription factor ZNF341 is a positive regulator of STAT3 expression. Homozygous nonsense mutations in ZNF341 lead to insufficient STAT3 levels, which prevent T H 17 cell differentiation and cause HIES-like phenotypes with recurrent infections. Thus, the well-known HIES phenotype not only is associated with well-described dominant-negative STAT3 mutations but also can result from insufficient levels of otherwise normal STAT3.
Our observations also have pivotal importance regarding future intervention strategies in STAT3-dependent HIES. Because HIES can be caused by STAT3 insufficiency, gene therapeutic attempts aiming at the inactivation of the mutant allele to eliminate dominantnegative STAT3 mutations should be carefully considered. On the other hand, treating STAT3-insufficient cells with recombinant ZNF341 might improve infection control. An interesting aspect in future research will be the link between ZNF341 and the maintenance of normal IgE levels, particularly in the context of allergy. Our patients with ZNF341 deficiency had highly elevated serum IgE levels. Hence, augmentation of ZNF341 function may normalize IgE production, possibly by interfering with T H 2 cell subset differentiation.
MATERIALS AND METHODS
Study design
The aim of this study was to characterize the underlying genetic defect and pathomechanism in a consanguineous AR-HIES family without mutations in known HIES genes. After the identification of ZNF341 (encoding a transcription factor regulating STAT3) as the diseasecausing gene in family A, additional families with unexplained AR-HIES were tested for ZNF341 mutations.
Patients and controls
The study was conducted under protocols for human subjects. Samples were collected with the written consent of all study participants and/ or their parental guardians after formal ethical approval by the local ethics committees at the University of Freiburg (ethics protocol numbers 239/99_120733 and 302/13), the Rambam Medical Center, the Children's Medical Center of Israel, Uludag University Medical Faculty, and collaborating institutions. Healthy family members were sequenced for the ZNF341 mutation, and wt/wt family members were included into the healthy donor (HD) control group.
Sample preparation
Human PBMCs were isolated by Ficoll density gradient centrifugation and either immediately used or frozen and stored in liquid nitrogen. EBV-transformed lymphoblastic B cell lines and HVS-immortalized T cell lines were generated from PBMCs by standard methods. PSFs were generated from a skin biopsy of patient A.II.3 by standard methods, and HD PSFs were provided by the lab of G. Finkenzeller.
Flow cytometry
Immunophenotyping of PBMCs was performed by staining for various cell surface markers. A list of the fluorochrome-conjugated antibodies and the applied gating strategy can be found in section S6.
STAT3 phosphorylation
For analysis of STAT3 expression and STAT3 phosphorylation, PBMCs were used either unstimulated or stimulated with human recombinant IL-6 (0.5 g/ml; PeproTech, Hamburg, Germany) for 15 min at 37°C. EBV-transformed B cell lines were stimulated with IFN- (0.5 g/ml; PeproTech, Hamburg, Germany) for 5, 15, 60, and 150 min at 37°C. Cells were fixed (Lyse/Fix buffer, BD Biosciences) and permeabilized (Fix/Perm III buffer, BD Biosciences) according to the manufacturer's instructions. Cells were stained with anti-STAT3-FITC (fluorescein isothiocyanate; clone #232209; R&D Systems, WiesbadenNordenstadt, Germany), anti-CD19 BV421 (clone HIB19, BioLegend), phospho-specific PE-coupled anti-STAT3 (pY705) antibodies (clone 4/P-STAT3, BD Biosciences), or CD3-FITC (clone SK7, BD Biosciences). Fixable viability dye eFluor 506 (eBioscience, Frankfurt, Germany) was used according to the manufacturer's instructions.
In vitro T H 17 cell differentiation
For in vitro differentiation assays, freshly purified PBMCs were stimulated with anti-CD2-, anti-CD3-, and anti-CD28-coated beads using a T cell activation/expansion kit according to the manufacturer's instructions (Miltenyi Biotec, Bergisch Gladbach, Germany), in combination with IL-1 (10 ng/ml) and IL-6 (50 ng/ml) or transforming growth factor- (5 ng/ml) and IL-21 (25 ng/ml) for 4 days. Before and after induction, cells were stimulated for 4 hours with phorbol 12-myristate 13-acetate (50 ng/ml) and ionomycin (1 g/ml) (both from Sigma-Aldrich) in the presence of brefeldin A (5 g/ml; BD Biosciences). Cells were stained for surface markers with anti-CD4 PercP-Cy5.5 (clone RPTA-T4, BD Biosciences), anti-CD45RO PECy7 (clone UCHL1, eBioscience), and anti-CD3 APC H7 (clone SK7, BD Biosciences); fixed; and permeabilized using a Cytofix kit (BD Biosciences). For intracellular staining, anti-IFN- FITC (clone B27, BD Biosciences) and anti-IL-17 PE (clone eBio64DEC17, eBioscience) were used. Fixable viability dye eFluor 506 (eBioscience, Frankfurt, Germany) was used according to the manufacturer's instructions.
All flow cytometry data were acquired on a FACSCanto II flow cytometer (BD Biosciences) and analyzed using FlowJo version X analysis software (Treestar, Ashland, OR).
RNA isolation, cDNA generation, qPCR, and cDNA sequencing Total RNA, from PBMCs, EBV cell lines, HVS-transformed T cell lines, PSFs, HEK293T cells, or further cell lines, was isolated with the RNeasy Mini Kit using QIAshredder and column DNA digestion (Qiagen). cDNA was synthesized with QuantiTect reverse transcription kit (Qiagen). qPCR was performed in duplicate or triplicate using SYBR Green reagents (Qiagen or Thermo Fisher Scientific) and primers for STAT3, ZNF341, and the housekeeping gene GUSB. Fluorescence intensities were monitored over 40 cycles on a StepOne real-time PCR system (Applied Biosystems/Thermo Fisher Scientific) and relative mRNA expression was calculated with the 2 −Ct method. The STAT3 cDNA sequences were analyzed using long-range PCRs with Q5 High-Fidelity DNA Polymerase (New England BioLabs) and Sanger sequencing. The most important primer sequences can be found in the Supplementary Materials, and all primer sequences are available upon request.
Western blotting
Fresh or frozen PBMCs, EBV-transformed B cells, PSFs, or transfected HEK293T lysates were used for blotting. Membranes were probed with primary antibodies separately for STAT3 (MAB1799; R&D Systems), ZNF341 [Atlas Antibody HPA024607 (polyclonal) or customized antibody (monoclonal)], glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (G9295; Sigma-Aldrich), or -actin (NB 600-532; Novus Biologicals). A detailed protocol can be found in section S6.
CRISPR/Cas9-mediated genome editing ZNF341 knockout cells were generated using CRISPR/Cas9 technology. A guide RNA (gRNA) with high target specificity was selected using the CRISPR design tool from the Massachusetts Institute of Technology (http://crispr.mit.edu). The gRNA (CGTCGGGTCTT-CAGCGTTGC) was targeting a region close to R302 and was cloned in the pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid, a gift from F. Zhang (Addgene plasmid #42230). ZNF341 −/− clones were generated by single-cell sorting of EGFP-positive Ramos cells cotransfected with pX330-ZNF341-gRNA and an EGFP plasmid (1:10 ratio) in 96-well plates. After about 3 weeks, clones were screened by Western blot analysis.
Expression vectors and fluorescence-based promoter-reporter assay
The cDNAs for isoform 1 of wt ZNF341 and mutant ZNF341-R302* were cloned from patient-derived samples by reverse transcription (RT)-PCR. Mutant ZNF341-R386* was generated by site-directed mutagenesis. For transient transfection in HEK293T cells, expression vectors for EGFP-fused or nonfused versions were used (pEGFP-C1 and pEG-FP-N1; Takara/Clontech) with the empty vectors as controls. Cells were transfected with X-tremeGENE HP reagent (Roche) and harvested 48 hours after transfection for RNA or protein analyses.
For the fluorescence-based promoter-reporter assay, three genomic fragments of the human STAT3 promoter, comprising the upstream sequence from −997 to −33, from −535 to −33, or from −476 to −33 relative to the putative transcription start site (46) , were amplified by PCR and fused to a 58-base pair (bp) CMV minimal promoter (without specific transcription factor binding sites). The synthetic promoter constructs provide a TATA box and an artificial transcription start site and drive the expression of a red fluorescent tdTomato reporter protein (Takara/Clontech). Expression vectors for nonfused or EGFP-fused wt ZNF341, mutant ZNF341-R302*, or mutant ZNF341-R386*, respectively, were cotransfected with the reporter into HEK293T cells using X-tremeGENE HP (Roche) transfection reagent. The empty vector pEGFP-C1 (without ZNF341 cDNA) was used as control. Reporter assays (n = 4) were performed in 48-well plates in quadruplicate and evaluated with a Fluorospot reader at variable time points (48/72/96 hours; repeated measurements per plate at two distinct time points each). Reporter constructs containing only the CMV minimal promoter (without STAT3 upstream sequences) and retinoic acid receptor-related orphan receptor C (RORC) and IL-17A promoter constructs (both fused to CMVmin) were confirmed to be nonactivatable by ZNF341 in independent experiments. Cells were analyzed for green (expression and subcellular localization of GFP-fused ZNF341) and red fluorescence (reporter activity) by conventional epifluorescence microscopy on a Zeiss Axiovert 200. Images were processed using the Zen software (Zeiss). Fluorescence intensities were measured on a Fluorospot analyzer (CTL, Bonn, Germany) and quantified using ImageJ software.
ChIP and ChIP-seq Cells were fixed for 15 min in 1% formaldehyde in phosphatebuffered saline (PBS) with 2% fetal calf serum. Formaldehyde was quenched for 10 min with 0.2 M glycine. Cells were washed two times with ice-cold PBS. Protein G Dynabeads (30 l; Life Technologies) were blocked with 0.5% bovine serum albumin (w/v) in PBS. Magnetic beads were bound with 5 g of anti-ZNF341 antibody [Atlas Antibodies HPA024607 (polyclonal) or customized antibody (monoclonal)] or control rabbit IgG (Santa Cruz Biotechnology, sc2027x). Cross-linked cells were lysed in lysis buffer (0.5% NP-40, 10 mM Hepes, 85 mM KCl, and 4 l of EDTA). After centrifugation, nuclei were resuspended and sonicated in sonication buffer [50 mM tris-HCl (pH 8.0), 1% SDS, and 10 mM EDTA] for five cycles at 10 s each on ice (20 W) with 50 s on ice between cycles. Lysates were cleared by centrifugation, and Triton X-100 was added at a final concentration of 1%. Lysates were then incubated overnight at 4°C with the previously prepared magnetic beads. Beads were washed once with radioimmunoprecipitation assay (RIPA) buffer [50 mM tris-HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, 0.1% Na-deoxycholate, 1% Triton X-100, and 1 mM EDTA], once with RIPA 500 buffer [50 mM tris-HCl (pH 8.0), 500 mM NaCl, 0.1% SDS, 0.1% Na-deoxycholate, 1% Triton X-100, and 1 mM EDTA], once with LiCl wash [10 mM tris-HCl (pH 8.0), 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, and 1 mM EDTA], and lastly twice with TE buffer [10 mM Tris (pH 8.0) and 1 mM EDTA]. Bound complexes were eluted from the beads in elution buffer [10 mM tris-HCl (pH 8.0), 0.5% SDS, 300 mM NaCl, and 5 mM EDTA] for 30 min at 65°C with shaking. Cross-links were reversed overnight at 65°C. RNA and protein were digested in the supernatant using ribonuclease A and proteinase K. DNA was purified using ChIP DNA clean and concentrator columns (Zymo Research). ChIP primers are listed in section S6. ChIP results are represented as percent of input by dividing the signals obtained by the ChIP by the signals obtained from the input sample. For ChIP-seq, libraries were prepared with the NEBNext primer set and were size-selected with AMPure XP beads (Beckman Coulter). Libraries were run on Illumina HiSeq 2000. Reads were aligned to hg19 using Bowtie with the parameter -m 1 (http:// bowtie-bio.sourceforge.net). Data were analyzed using HOMER (http://homer.salk.edu/homer). To correlate ChIP-seq data obtained with monoclonal and polyclonal antibodies, we identified peaks using the findPeaks command in the combined tag directory and annotated with each tag directory using the −log option. A Pearson correlation test was applied to identify correlation between the tag counts. High-confidence peaks were identified using the get Differential PeaksReplicates.pl command using the ChIP-seq data obtained with the two antibodies as replicates. Motifs of 8, 10, or 12 nt were identified using the findMotifsGenome.pl command with the parameter -cpg in a window of 100 bp (-size 100). Longer motifs were identified by searching for motifs of lengths more than 15 nt, and the top motif was identified using a length of 30 (-len 30). Optimization of the long motif in the super-binding sites was performed with the parameter -opt.
Statistical analysis
Data (excluding genetic linkage analysis, transcriptome study, and motif analysis) were analyzed with the GraphPad InStat software program, version 6, by using nonparametric Mann-Whitney tests. Differences were considered significant at P < 0.05. Detailed protocols for genetic linkage analysis, WES, NGS, Sanger sequencing, comparative genomic hybridization (CGH) array, and transcriptome study can be found in Supplementary Materials and Methods (section S6).
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